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CN . Abstract 

The sum of the CP-violating asymmetries A^ and A^ in the decay sequence VL -^ AK, A — > pvr is 
K^ ! presently being measured by the E871 experiment. We evaluate contributions to A^ from the standard 
1^ I model and from possible new physics, and find them to be smaller than the corresponding contributions 
CN ' to A^, although not negligibly so. We also show that the partial-rate asymmetry in ri — > AK is nonvan- 
js^ ■ ishing due to final-state interactions. Taking into account constraints from kaon data, we discuss how the 
■^ . upcoming result of E871 and future measurements may probe the various contributions to the observables. 
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I. INTRODUCTION 

The question of the origin of CP violation remains one of the outstanding puzzles in particle 
physics. Although CP violation has now been seen in a number of processes in the kaon and B- 
meson systems [1], it is still far from clear whether its explanation lies exclusively within the picture 
provided by the standard model [2]. To pin down the sources of CP violation, it is essential to 
observe it in many other processes. 

Hyperon nonleptonic decays provide an environment where it is possible to make additional 
observations of CP violation [3, 4]. Currently, there are CP- violation searches in such processes 
being conducted by the HyperCP (E871) Collaboration at Fermilab. Its main reactions of interest 
are the decay chain S~ -^ Avr", A -^ pn^ and its antiparticle counterpart [4]. A different, 
but related, system also being studied by HyperCP involves the spin-| hyperon Q~ , namely the 
sequence fi~ -^ AK~ , A -^ pTT~ and its antiparticle process [5]. For each of these decays, the 
decay distribution in the rest frame of the parent hyperon with known polarization w has the form 

— ~ l + aw-p , (1) 

where dQ is the final-state solid angle, p is the unit vector of the daughter-baryon momentum, and 
a is the parameter relevant to the CP violation of interest. In the case of ^2 — ;► AK -^ pnK, the 
HyperCP experiment is sensitive to the sum of CP violation in the Q decay and CP violation in 
the A decay, measuring [5] 

-V- °"°":"^^ ^-4„ + ,4,. (2) 

where 

"n - «?T ' "a - "a 

are the CP- violating asymmetries in fi ^ AK and A -^ pir, respectively. Similarly, the observable 
it measures in S ^ An -^ p-Kix is A^^^^ ~ A^ + A^ [A]. 

On the theoretical side, CP violation in A -^ p7r and S -^ An has been extensively studied [3, 6- 
10]. In contrast, the literature on CP violation in Q decays is minimal, perhaps the only study 
being Ref. [11] which deals with the partial-rate asymmetry in fi ^ Stt. There is presently no data 
available or experiment being done on this rate asymmetry. In view of the upcoming measurement 
of A^j^ by HyperCP, it is important to have theoretical expectations of this observable. Clearly, the 
information to be gained from Aqj^ will complement that from A^^. Since the estimates of A^ and 
A'^ within and beyond the standard model (SM) have been updated very recently in Refs. [9, 10], 
in this paper we focus on A^. 

We begin in Sec. II by relating the observables of interest in ^2 ^ AK to the strong and CP- 
violating weak phases in the decay amplitudes. We discuss the role played by final-state interactions 
in this decay, which not only affect Aq, but also cause its partial-rate asymmetry to be nonvanishing, 
thereby providing another CP-violating observable. In Sec. HI, we employ heavy-baryon chiral 
perturbation theory (xPT) to calculate P- and D-wave amplitudes for baryon-meson scattering 
in channels with isospin I = \ and strangeness S = —2. We use the derived amplitudes in a 



coupled-channel i^-matrix formalism to determine the strong parameters needed in evaluating the 
CP-violating asymmetries. In Sec. IV, we estimate the asymmetries within the standard model. 
Working in the framework of xPT, we calculate the weak phases by considering factorizable and 
nonfactorizable contributions to the matrix elements of the leading penguin operator. Subsequently, 
we compare the resulting Aq with Aj^, which was previously evaluated, as both asymmetries appear 
in A^f^. In Sec. V, we address contributions to the CP-violating asymmetries from possible new 
physics, taking into account constraints from CP violation in the kaon system. Specifically, we 
consider contributions induced by chromomagnetic-penguin operators, which in certain models can 
be enhanced compared to the SM effects. Sec. VI contains our conclusions. 



II. OBSERVABLES AND PHASES 

The amplitudes for Q^ -^ AK^ and Cl^ — > Ai^"*" each contain parity-conserving P-wave and 
parity- violating D-wave components, with the former being empirically known to be dominant [12]. 
They are related to the parameters a^ and a-^ by 

_ 2Re{p*d) _ 2Re{p*d) 

where p and d (p and cT) are the P- and D-wave components, respectively, for the Q~ (^^) decay. 
Since both Q and A have / = 0, each of these decays is an exclusively | AJ| = ^ transition. 

Before writing down the amplitudes in terms their phases, we note that the strong phases in 
Q -^ AK are not generated by the strong rescattering of AK alone. Watson's theorem for elastic 
unitarity [13] does not apply here, though it does in the cases of A ^ pvr and S -^ An. Final-state 
interactions also allow Q — > Stt -^ AK to contribute, yielding additional strong phases as well as 
weak ones, because the channel Svr <-^ AK is open at the scattering energy ^/s = niQ. Since the 
Q — >■ 'EtTjAK rates overwhelmingly dominate the Q width [12], we expect other contributions via 
final-state rescattering to be negligible. 

The requirements of CPT invariance and unitarity provide us with a relationship between the 
amplitudes for Vl -^ Bcj) and its antiparticle counterpart. Thus, with A^q_,^j, denoting the ampli- 
tude corresponding to Bcj) being in a state with orbital angular momentum L, we have 

(-1)'^' KUk = '^S K^:kk + ^iH M^n%. , (5) 

where S^^, is the element of the strong S'-matrix associated with the L partial-wave of B(f) -^ B'cf)', 
and only the I = \ component of the Stt state is involved in the second term. Assuming that the 
Stt and AK channels are the only ones open, we can express the S'-matrix as [14] 



~ Sab Saa) ~ \[,/T^ e'^'^-+'^^^ r^e^'^Ax ' ' 



where fj is the inelasticity factor and 6^. denotes the phase shift in B(f) -^ Bcj). Clearly S is unitary, 
and each partial-wave has its own S. Now, since f/ is expected to be close to and smaller than 1, it 



is convenient to introduce a parameter e defined by 

f,= l-2e , (7) 

and so e is positive and small. Consequently, for L = 1 and 2, to first order in ^/e we have [15] 

p = e'^AK (p^e^'^A + [^ p^e'*^) , d = e<'< (d^e'^^ + i^/e^ d^e''^^) , 

(8) 
p = e<K (p^ e-'< + i^e^ p^ e"''''^) , d = -e'^"'^ (d^ e'^-^A + ly^ d^ e~'"t'°) , 



where p^ and d^ are real, associated with ^2 -^ B(j), and 0^' denote the corresponding weak 
phases in the |A/| = | amplitudes. 

Putting together the results above, and keeping only the terms at lowest order in small quantities, 
we obtain 

A^ = -tan{6^^-6^^) sin(0£-0^) - ^ ^^ sin(20£-0f -0f ) + ^ ^^ sin(0£-0f ) , (9) 

Pa "a 

where we have made use of the expectation that S^'^ , (f)j^~ , and d^/p^ are also small. Unlike the 
strong phases in A and S decays, there are no data currently available for Sj^j^, and so we will 
calculate them here. To estimate the weak phases 0^=5 ^^ ^^^^ consider contributions coming from 
the SM as well as from possible new physics. As for p^ and d^, we will extract their approximate 
values from data shortly, under the assumption of no final-state interactions and no CP violation. 

Now, the presence of the ^/e terms with additional weak and strong phases in the decay ampli- 
tudes in Eq. (8) implies that the rate of ^2 ^ AK, 

evaluated in the rest frame of Q, is no longer identical to that oi Cl ^ AK. Hence these decays 
yield another CP-violating observable, namely the partial-rate asymmetry 

A. = l''-^^ 7 [^^-^^ . (11) 

It follows that to leading order 

A^ = ^v^sin(0£-0f). (12) 

We will also estimate this asymmetry below. ^ Since A^ results from the interference of P-wave 
amplitudes, a future measurement of it will probe CP violation in the underlying parity-conserving 
interactions. We note that the strong parameters entering Eq. (12), and the second and third terms 
in Eq. (9), are not the strong phases, but Spj^. 



^ In Ref. [11] the partial-rate asymmetry in 51 ^- ^tt was evaluated under the assumption that e = 0. 



Before ending this section, we determine the values of p^ and d^ which are needed in Eqs. (9) 
and (12), and also in evaluating the weak phases. To do so, we apply the measured values of 
a and F, as well as of the masses involved, in the corresponding formulas, as those in Eqs. (4) 
and (10), assuming that the strong and weak phases are zero. The experimental values of F 
for Q -^ AKjEtt are well determined, but those of a are not [12]. HyperCP is currently also 
measuring a^, in Q -^ AK, with much better precision, and has reported [5] preliminary results of 
a^ = (1.84±0.46±0.04) x 10"^ and a^ = (2.01±0.17±0.04) x 10"^^ Applying the PDG averaging 
procedure [12] to all the experimental results, including the preliminary ones from HyperCP, yields 
the average a^ = 0.020 ± 0.002, which we adopt in the following. In the case of fi — ^ Stt, we use 
the data given by the PDG [12], and also 



|Svr) = y^||S°vr-> + ^|S-vr°> (13) 

to project out the |A/| = | amplitudes. Thus we extract 

p. = 3.73 ±0.03 , d. = 0.037 ±0.004 , 

Ps = 2.00 ±0.03 , 4 = 0.08 ±0.12, 

all in units of G-pm'^+, with G-p being the Fermi coupling constant. 



III. STRONG PHASES AND INELASTICITY FACTORS 

To calculate the strong parameters needed in Eq. (9), we take a fi'- matrix approach [14]. Fur- 
thermore, we include the contributions of other B(f) states with I = \ and S = —2, namely T,K 
and Erj, which are coupled to AK and Svr through unitarity constraints. Although at v^ = rriQ the 
TjK and Er] channels are below their thresholds, it is important to incorporate their contributions 
to the open ones. Such kinematically closed channels have been shown to have sizable influence on 
the open ones in some other cases [16, 17]. 

The K matrix for the four coupled channels can be written as 

f K K \ 
K = A- = r / . (15) 

\ CO cc / 

where the subscripts "o" and "c" refer to open and closed channels, respectively, at y^ = tti^. 
Thus -ft'oo.oc.co.cc are all 2x2 matrices in this case and K^^ = Kj^. Now, it is convenient to introduce 
the matrix 

K = ^oo + i^oc(l - ^(lcKc)\cKo , (16) 

where U is the 2x2 unit matrix and q^ = diag(/csx, k^^), with k^^ being the magnitude of the CM 
three-momentum in B(f) scattering, implying that /c^x and k^ are purely imaginary at ^/s = m^. 
The elements of S in Eq. (6) can then be evaluated using [14] 

S = l + 2iql/'K^{l-iq^K^y'ql/' , (17) 



where q^ = qj qj = dia,g(^k^^,kjyx)- For the i^-matrix elements, we make the simplest approx- 
imation by adopting the partial-wave amplitudes fB(t>^B'4,' at leading order in chiral perturbation 
theory, namely 



K. 



oo 



fAK^^TT IaK^AK 

OC CO I /. _ _ J. _ 

\ JAK^Y,K JAK^Sri 

I fT.K^T.K JT,K-*Eri 
\ fEq^T.K fsri^Sri 

Before deriving them, we remark that time-reversal invariance of the strong interaction implies 

fB(j>^B'(j>' = fB'(t>'->B<f)- 

The chiral Lagrangian that describes the interactions of the lowest-lying mesons and baryons is 
written down in terms of the lightest meson-octet, baryon-octet, and baryon-decuplet fields [18, 19]. 
The meson and baryon octets are collected into 3x3 matrices and B, respectively, and the 
decuplet fields are represented by the Rarita-Schwinger tensor T^^^' which is completely symmetric 
in its SU(3) indices (a, h, c). The octet mesons enter through the exponential S = ,^^ = exp(i0//), 
where / is the pion-decay constant. 

In the heavy-baryon formalism [19], the baryons in the chiral Lagrangian are described by 
velocity-dependent fields, B^ and T^. For the strong interactions, the Lagrangian at lowest or- 
der in the derivative and m^ expansions is given by [19, 20] 

4 = (5, w ■ VB,,) + 2D {B,,Sii {A^, B,,}) + 2F {B^S'i [A^, 5j > 
- ti^ iv ■ VT,^ + Am f^^T,^ + C {f^^A^B, + B^A^) 

+ ^ {B. {X.,B^}) + ^ {B^ [X,,5J> + ^ ix.) (B^B^) 

+ ^J'X+T,, - ^ (x+> T{^T,, + \f (x+> + ■ ■ ■ , (19) 

where (■ ■ ■) denotes Tr(- ■ ■) in flavor-SU(3) space, and we have shown only the relevant terms. 
In the first two lines, S^ is the spin operator and A^ — ki^ '^m'^^ ~ ^^ ^mO ' '^i^h further details 
given in Ref. [21]. The last two lines of C^ contain x+ ~ ^^X^^ + ix^ii with x = 2BqM = 
2i?Qdiag(m„,m^,'mg), which explicitly breaks chiral symmetry. We will take the isospin limit 
m„ = m^ = m and consequently x = diag(m^, m^, 2mj^ — m^) . The constants D, F, C, Bq, b^ pQ, 
c, Cg are free parameters which can be fixed from data. 

In the center-of-mass (CM) frame, the P-wave amplitude for B(j) -^ B'cj)' with total angular- 
momentum J has the form 

■^B<l,-*B'<f)' = — OTTVS Xb' i JB<f>^B'(t>' + '^JB(f>^B'4,' ^ ' ^ + JBcf>^B'<t,' ~ JB4>->B'4>' '^^^ ' I^ ^ I^ ) Xb ^ 

(20) 



where a/s is the CM energy, Xb ^^^ Xb> ^^^ ^^^ Pauh spinors of the baryons, k and k' denote the unit 
vectors of the momenta of B and B' , respectively, and fj^J,^^,j^i are the partial-wave amplitudes. At 
lowest order in xPT, the ^ = | amplitude arises from the Lagrangian in Eq. (19), and the pertinent 
diagrams are displayed in Fig. 1. The amplitudes in the I = \ channels are then extracted using 
the / = I states in Eq. (13) and 



\AK) = \AK-) 



Si?) = JI\j:-k') + j=\j:'^k-) 



\Er]) = \E 7]) 



(21) 



which follow a phase convention consistent with the structure of the (j) and B^ matrices. We write 
the results as 



AP,J=l) 

JB<j,^B'<f>' 



-V 



B(f),B'. 



47f 



(22) 



where the expressions for Pg , ^,^ corresponding to the four channels have been collected in Ap- 
pendix A. 



FIG. 1: Diagrams contributing to the P-wave </ = | amplitude for Bcf) —>■ B'(j)' at leading order in xPT. 
In all figures, a dashed line denotes a meson field, a single (double) solid-line denotes an octet-baryon 
(decuplet-baryon) field, and each solid vertex is generated by C^ in Eq. (19). 

Since a D-wave amplitude has to be at least of second order in momentum, (9(A;^), it cannot 
arise from the Lagrangian in Eq. (19) alone. Also required is the Lagrangian involving baryons at 
second order in the derivative expansion, namely 



c 



2m, 



B,[V'-{vV)']B, 



2m, 



f':[V'-{vV)']T,^ + 



(23) 



where mg is the octet-baryon mass in the chiral limit, and we have shown only the relevant terms. 
These are two of the relativistic-correction terms in the (9(/c^) Lagrangian, and so their coefficients 
are fixed. 

In the CM frame, the D-wave amplitude for B(f) —>■ B'cf)' has the form 



M 



B<j)^B', 



T^Vs Xb 



(D,J=|) .(D,J=§) 

^ J Bd>^B'<b' ~^ ^ J , 



.5\ 1 

Bfj>^B><j)> 



■2 i 
2 



+ 



■ (D,J=f) _ AD,J=l) 
JB(I>->B'4>' JB(t>-^B'4>' 



lik'.ky 

{3k' ■k)ia-k' xk\xB ■ 



(24) 



The leading nonzero contribution to this amplitude for </ = | comes from diagrams shown in Fig. 2. 
The resulting / = ^ partial-wave amphtudes are given by 



(D,J=i) 

JB<l>^B'(j)' 



-V 



^B4)^B'4>' ■\/'^_b'^B' 



7 



(25) 



FIG. 2: Diagrams for the leading nonzero contribution to the D-wave «/ = | aniphtude for Bcf) -^ B'c/)'. 
Each hollow vertex is generated by C^ in Eq. (23). 

where the expressions for V^, ^,^ corresponding to the four channels have also been collected in 
Appendix A. 



f = f^ = 92.4 MeV, niQ = 0.7 GeV,^ and the isospin-averaged masses 



495.7 , 


m^ = 547.3 , 








rriY, = 


1193.2 , m= = 


1318.1 


5 


(26) 


m^. 


= 1533.4 , m^ 


= 1672.5 , 




11 the results above and setti 


ng y/s 


= "^n, 


from the 


5^K 


= +0.05° , 


\/^D = 


0.0009 


, (27) 



Numerically, we adopt the tree-level values D = 0.80 and F = 0.50, extracted from hyperon 
semileptonic decays [19], as well as C = —1.7, from the strong decays T -^ Bcf)? We also employ 



m^ = 137.3 , rrij^ = 

mjv = 938.9 , m^ = 1115.7 , 
m^ = 1232.0 , m^. = 1384.6 , 

all in units of MeV. Thus, putting together al 
P- and D-wave iS-matrices we obtain 

S^^ = -0.65° , ^ = 0.013 , 

which are pertinent to Eqs. (9) and (12). The effects of the closed channels turn out to be significant 
on 6^j^ and Sp. Excluding the T,K and Erj channels would lead to 6^j^ = —2.7° and ^/e]^ = 0.065. 
The closed channels have minor effects on the D-wave parameters. 

Since the numbers in Eq. (27) proceed from the leading nonzero amplitudes in xPT, part of 
the uncertainties in these predictions comes from our lack of knowledge about the higher-order 
contributions, which are presently incalculable. To get an idea of how they might affect our results, 
we redo the calculation using the one-loop values D = 0.61, F = 0.40, and C = —1.2 [19, 23], 
finding 6^j^ = -0.47°, ^ = 0.010, 6^j^ = +0.03°, and ^e^ = 0.0003. The differences between 
the two sets of results then provide an indication of the size of this part of the uncertainties. 
Another part is due to our lack of knowledge about the reliability of our i^-matrix approximation. 
A comparison of /^-matrix results in Avr scattering with experiment suggests that this approach 
gives results with the correct order-of-magnitude and sign [17, 24]. For these reasons, we may 
conclude that 

-0.9° < S^K - ^AK < -0-5° , 0.01 < ^ < 0.02 , 0.0003 < ,/e^ < 0.002 . (28) 
We will employ these numbers in evaluating the asymmetries. 



^ We have chosen the sign of C after nonrelativistic quark models [19], which predict 3F = 2D and C = —2D, both 

well satisfied by the adopted D, F, and C values. 
•^ This TTiQ value comes from simultaneously fitting the tree-level formulas for the octet-baryon masses and the sigma 

term, cr^jy = ~'^ipD + ^_f + 2foo)"^i ^-H derived from Eq. (19), to the measured masses and the empirical value [22] 

(7^jv-45MeV. 



IV. CP- VIOLATING ASYMMETRIES WITHIN STANDARD MODEL 

To calculate the CP- violating phases, we will work in the framework of heavy-baryon xPT. The 
amplitude for the weak decay Q -^ B(f) in the heavy-baryon approach has the general form 

^Mn-.B^ = -i{B<t>\C\n) = % (^55 + 2S, . k^AI^I )k^-u^. (29) 

where k. is the four-momentum of 0, and the superscripts refer to the P- and D-wave components 
of the amplitude. In the rest frame of fi, these components are related to the p and d amplitudes by 



P 



\kAA^^\ d = klA^^K (30) 



We will follow the usual prescription for estimating a weak phase [6, 7, 9], namely, first calculating 
the imaginary part of the amplitude and then dividing it by the real part of the amplitude extracted 
from experiment under the assumption of no strong phases and no CP violation. 

Within the SM, the weak interactions responsible for hyperon nonleptonic decays are described 
by the short-distance effective \AS\ = 1 Hamiltonian [25] 

^ 10 

^w = -4v:,V^,yC,Q, + H.c, (31) 



jKTAsEc'.Q. + H.c 

* j=l 



where V^,; are the elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [26], 

C,^z, + ry,^z,-^^^y, (32) 

ud us 

are the Wilson coefficients, and Q^ are four-quark operators whose expressions can be found in 
Ref. [25]. In this case, the weak phases 0^'^ of Eq. (9) proceed from the CP- violating phase residing 
in the CKM matrix, and its elements appearing in Cj above can be expressed in the Wolfenstein 
parametrization [27] as 

V:,V^s = A , V;,V,, = -A'X' (1 - p + ir^) (33) 

at lowest order in A. As is well known, 7Y„ transforms mainly as (8l, 1r) © (27l, 1r) under 
SU(3)lXSU(3)j^ rotations. It is also known from experiment that the octet term dominates the 
27-plet term [28]. We, therefore, assume in what follows that within the SM the decays of inter- 
est are completely characterized by the (8l,1j^), |A/| = | interactions. The leading-order chiral 
Lagrangian for such interactions is [18, 29] 

C^ = ho{B,{i^hi, B,]) + hp{B,[i^hi, B^]) + hcf,^ehiT^^ + H.c, (34) 

where the 3x3-matrix h selects out s ^ d transitions, having elements h^.^ = 5^2*^3^ ^^^ ^^^ 
parameters hj-, pQ contain the weak phases of interest. These phases are induced primarily by the 
imaginary part of Cg associated with the penguin operator Qq, and this is due to its chiral structure 
and the relative size of ImCg. In order to relate the imaginary part oi h^, p^ to ImCg, we use the 

9 



results of Ref. [9], obtained from factorizable and nonfactorizable contributions. Accordingly, we 
have 

Im/i£) = 5.14 ?/g , Im hp = —14.3 y^ , ImhQ = 32.5 y^ , (35) 

all in units of V2 f^Gpml+ A^X^rj. 

From C^ together with C^, we can derive the diagrams displayed in Fig. 3, which represent the 
leading-order contributions to the P-wave transitions in Q~ —>■ AK, Stt and yield the amplitudes 



^(P) ^ C {h^ - 3hp) Che 

i(^) _ [2 a{p) , 1 a{p) _ -Che 



(36) 






Applying Eq. (35) in p^^ = | ^0 1 -^3(1 then leads to 

5^ = -1.15 A^X'v 1/6 , ^ = +23.6 A^X'v V, , (37) 

Pa Ps 

where p^l are the central values of p^^ in Eq. (14). The uncertainties in these predictions are due 
to our neglect of higher-order terms that are presently incalculable and to our lack of knowledge 
on the reliability of the matrix-element calculation. Therefore, we assign an error of 100% to these 
ratios, as was similarly done in Ref. [9] for the weak phases in A — >■ pvr and H — >■ Ayr. Thus, using 
A^X^T] = 1.26 X 10"^ and y^ = -0.096, as in Ref. [9], we obtain 



^r 



;i.4±1.4) X 10~S 0| = (-2.9±2.9) X 10"^ . (3^ 



The (p^^ result is comparable in size to that estimated in Ref. [11] using the vacuum-saturation 
method.^ 

Turning now to the D-wave phases, we note that the expression for the A^^^ term in Eq. (29) 
implies that C^, in conjunction with C^ and C^, cannot solely give rise to diagrams for the D-wave 
components. Rather, the weak Lagrangian that can generate the leading nonzero contributions to 
this term must have the Dirac structure B^S^ d^A^T^, which is of (9(fc^). The D-wave amplitude 



FIG. 3: Diagrams representing standard-model contributions to the leading-order P-wave amplitude for 
ft~ -^ B(f). Each square represents a weak vertex generated by C^ in Eq. (34). 



The numerical differences between the estimates also arise from the use of a positive C value in Ref. [11]. 

10 



at 0(/c^) can also receive contributions from so-called tadpole diagrams, each being a combination 
of a strong fiB(f)K vertex, generated by a Lagrangian having the structure B^S^A^A^T^, and a K- 
vacuum vertex coming from a weak Lagrangian of (9(m^). Unfortunately, at present the parameters 
of these strong and weak Lagrangians of (9(A;^) are incalculable. The best that we can do is to 
make a crude estimate based on naive dimensional analysis [30]. Thus, since the lowest-order chiral 
Lagrangian yielding p^^ is of 0{1), whereas that yielding d^^ is of (9(A;^), and since k r^ m^ in 
hyperon nonleptonic decays, we expect that 

^ ~ ^ (39) 

PB<t> ^\ 

where A^ ~ Anf is the chiral- symmetry breaking scale. It is worth remarking here that for 
m^ ~ 0.12 GeV [31] this naive expectation is compatible with the value of dj^/p/^ from Eq. (14), in 
which the d^ number is determined largely by the preliminary data from HyperCP [5]. For these 
reasons, we make the approximation 






(40) 



for the magnitude of the phase, where 0^ comes from Eq. (38). Since (i= as quoted in Eq. (14) is 
poorly determined, we take the further approximation d^^ = p^dj^/p/<^ for its magnitude in order to 
estimate (j)§. All this leads to 

0f = (0 ± 3) X 10"^ , 01* = (0 ± 6) X 10"^ . (41) 

The errors that we quote in 0^' are obviously not Gaussian and simply indicate the ranges resulting 
from our calculation. 

Putting together the numbers from Eqs. (14), (28), (38), and (41) in Eq. (9) yields 

-9 X 10"^ < A^ < +2 X 10"^ . (42) 

We note that the second term on the right-hand side of Eq. (9), which would vanish if the Stt ^^ AK 
rescattering were ignored, has turned out to be the largest one. This is due to ^f and Ep being 
much larger than 0^' and e^, respectively, as well as to 6j^'j^ being small. For the partial-rate 
asymmetry in Eq. (12), we find 

< A^ < 13 X 10"^ . (43) 

This is comparable to the corresponding asymmetry in i7 ^ Svr [11], but larger than those in 
octet-hyperon decays [6]. 

Since the asymmetry measured by HyperCP is the sum A^j^ = A^ + A^, it is important to 
know how A^ compares with A^. The SM contribution to A^ has been evaluated most recently to 
be —3 X 10'^ < Aj^ < 4 X 10^^ [9]. Thus within the standard model Aq is smaller than Aj^, but 
not negligibly so, and the resulting A^j^ has a value within the range 

-4 X 10"^ < A^^ < 4 X 10"^ . (44) 

For this observable, HyperCP expects to have a statistical precision of 9 x 10^^ [5], and so its 
measurement will unlikely be sensitive to the SM effects. 
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V. CP- VIOLATING ASYMMETRIES DUE TO NEW PHYSICS 

Here we evaluate Aq and A^ arising from possible physics beyond the standard model. In 
particular, we consider contributions generated by the chromomagnetic-penguin operators (CMO), 
which in some new-physics models could be significantly larger that their SM counterparts [8, 32, 33]. 
The relevant effective Hamiltonian can be written as [33] 

^w,, = C^Q^ + CgQ^ + H.c. , (45) 

where C^ and Cg are the Wilson coefficients, and 

Q^ = ^ d^'"'^ (1 + 75) s G;, , Q, = -^. da^H'^ (1 - 75) s G;^ (46) 

are the CMO, with G^^ being the gluon field-strength tensor, g^ the gluon coupling constant, and 
Tr(t"t*) = \5"'^ . Since various new-physics scenarios may contribute differently to the coefficients 
of the operators, we will not focus on specific models, but will instead adopt a model-independent 
approach, only assuming that the contributions are potentially sizable, in order to estimate bounds 
on the resulting asymmetries as allowed by constraints from kaon measurements. 

The chiral Lagrangian proceeding from the CMO has to respect their symmetry properties. 
Under SU(3)lxSU(3)j^ rotations Qg and Qg transform as (3l, 3^^) and (3l,3j^), respectively. 
Moreover, under a GPS transformation (a GP operation followed by interchanging the s and d 
quarks) Q and Q change into each other. These symmetry properties are also those of the quark 
densities d{l ±75)8, of which the lowest-order chiral realization has been derived in Ref. [9]. From 
this realization, we can infer the leading-order chiral Lagrangian induced by the CMO, namely 

+ h {B. {iK, 5J> + P^ (B, m, B,]) + ;9o {h^) (B^B,,) 

+ P^fB,{hJ:^) + Pj'B.ihH) + H.c. , (47) 

where P^ yP,^ are parameters containing the coefficient Gg (Cg)- The part of this Lagrangian 
without the decuplet-baryon fields was first written down in Ref. [10]. 

From Cy^^g along with Cs, we derive the diagrams shown in Fig. 4, which represent the lowest- 
order contributions induced by the CMO to the P-wave transitions in ^2 ^ AK, Stt. We remark 
that each of the three diagrams in the figure is of (9(1) in the m^ expansion, and that Fig. 3 does 
not include the meson-pole diagram because within the SM it contributes only at next-to-leading 
order. The amplitudes following from Fig. 4 are 



,(P), _ C(/5+-3/5+) CP^ 






(4J 



2V3/(m^-ms.) 2/ (m, - m) 
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FIG. 4: Diagrams representing chromomagnetic-penguin contributions to the leading-order P-wave ampli- 
tude for Q~ —>■ B(f). Each square represents a weak vertex generated by C^^^ in Eq. (47). 

where [3f = (3^ + (3^ and we have used m\ — m^ = B^ {m^ — m), derived from Eq. (23).^ 

In order to estimate the weak phases in A^, we need to determine the parameters (3^ in terms 
of the underlying coefficient C'^ = C + C , which is the combination corresponding to parity- 
conserving transitions. From the effective Hamiltonian in Eq. (45) and the chiral Lagrangian in 
Eq. (47), we can derive the one-particle matrix elements 

(49) 



<-*1^wJ^-> 



-Pi 



M=, ■ U( 



w,(/ 


-0) 


Pi 


-3/?+ 
x/6 


%"«= ) 


TT^ 


^w,g 


K-) 


= P^. 


Bo- 



Since there is presently no reliable way to determine these matrix elements from first principles, we 
employ the MIT bag model to estimate them. The results for (3^ p^ have already been derived in 
Ref. [10] using the bag-model calculations of Ref. [36] and are given by 

pD--rPF-^^^C^ , /?, - ^^^^, C^ , m 

where N, R, and Ij^j are bag parameters. For j3^, extending the work of Ref. [36] we find 

Pi---^C:. ,51) 

Numerically, we take R = 5.0 GeV~^ for the octet baryons, R = 5.4 GeV~^ for the decuplet 
baryons, and R = 3.3 GeV^^ for the mesons, after Refs. [36, 37]. In addition, as in Ref. [10], we 
have A^ = 2.27 and I^j- = 1.63 x 10~^ for both the baryons and mesons. It follows that 



(3+ = -'If3+ = 1.10 X 10"^ C+ GeV^ , /3+ = -3.78 x 10"^ C+ GeV^ , 

(52) 
p+ Bq = -7.09 X 10"^ C+ GeV^ , 



^ It is worth noting here that, as in the A ^ pir and S -^ An cases [10], each of the two ampHtudes in Eq. (48) 
vanishes if we set /3J, p = K^bj^ p, f3(j = k^c, and f3^ = k^/2, with k+ being a constant, take the hmit 
Ej^ — rnjy, and use the relations m~ — rrij^ = f (^d ~ 36^)(?7ij, — to) and m^ — to-* — | c (to.^, — to), both 
derived from Eq. (19). This satisfies the requirement imphed by the Feinberg-Kabir- Weinberg theorem [34] that 
the operator ds cannot contribute to physical decay amplitudes [35], and thus serves as a check for the formulas 
in Eq. (48). 
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We note that C^ here is the Wilson coefficient at the low scale fi = 0{1 GeV) and hence already 
contains the QCD running from the new-physics scales. We also note that the bag-model numbers 
in Eq. (52) are comparable in magnitude to the natural values of the parameters as obtained from 
naive dimensional analysis [30], 

where we have chosen g^ = a/Itt. The differences between the two sets of numbers provide an 
indication of the level of uncertainty in estimating the matrix elements.. This will be taken into 
account in our results below. 

Applying Eq. (52) in p^^ = I ^(A I -^bI then leads to the CMO contributions 



(0^) = (-1.0 ±2.0) X 10^ GeV lmC+ , (0f) = (2.3 ± 4.6) x 10^ GeV lmC+ . (54) 

where, as in the h. ^ pix and S -^ Att cases [10], we have assigned an error of 200% to each of 
these numbers to reflect the uncertainty due to our neglect of higher-order terms that are presently 
incalculable and the uncertainty in estimating the matrix elements above. For the D-wave phases, 
we have here the same problem in estimating them as in the standard-model case, and so we have 
to resort again to dimensional arguments. Thus, since the D-wave amplitude is parity violating, we 
have 



) = (0 ± 3) X 10^ GeV ImC- , (0^) = (0 ± 8) x 10^ GeV ImC" , (55) 



where Cy = Cg — Cg is the combination corresponding to parity-violating transitions. 
Putting together the numbers from Eqs. (14), (28), (54), and (55) in Eq. (9), we find 

10~^GeV'^(Af2)^ = (0.3±1.3)ImC+ + (0±l)ImC- . (56) 

As in the SM result, the second term in A^ dominates these numbers. For the partial-rate asym- 
metry, we obtain 

(A^)^ = (-0.7 ± 1.4) X 10^ GeV Im C^ . (57) 

We can now write down the contribution of the CMO to the sum of asymmetries A^i^^ = A^ + Aj^ 
being measured by HyperCP. The most recent evaluation of their contribution to Aj^ has been 
done in Ref. [10], the result being lO^^GeV"^ {Aj^)g = (-4.2 ± 8.3) ImC+ + (3.5 ± 7.0) ImC". 
Evidently, [A^^g is much smaller than, though still not negligible compared to, (^a)^. Summing 
the two asymmetries yields 

lO-^GeV-i(A^A), = (-4±10)ImC; + (4±8)ImC; . (58) 

Since the CMO also contribute to the CP-violating parameters e in kaon mixing and e' in kaon 
decay, which are now well measured, it is possible to obtain bounds on (^^a)^ ^^^ i^n)g using 
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the e and e' data. As discussed in Ref. [10], the experimental values |e| = (22.80 ± 0.13) x 10 ^ 
and Re(e7e) = (16.6 ± 1.6) x 10"^ [12, 31] imply that 

\lmC+\ < 5.0 X lO-^GeV^^ , \^^Cg\ < 7.4 x 10-^GeV~^ . (59) 

Then, from Eqs. (57) and (58), it follows that 

|A^J^<8xlO-S |A^|^<lxlO-^ (60) 

The upper limits of these ranges well exceed those within the SM in Eqs. (43) and (44), but the 
largest size of {A^^^g is still an order of magnitude below the expected sensitivity of HyperCP [5]. 
This, nevertheless, implies that a nonzero measurement by HyperCP would be an unmistakable 
signal of new physics. 

VI. CONCLUSION 

We have evaluated the sum of the CP- violating asymmetries A^ and Aj^ occurring in the decay 
chain Q -^ AK -^ pttK, which is currently being studied by the HyperCP experiment. The 
dominant contribution to A^ has turned out to be due to final-state interactions via Q -^ Svr -^ AK. 
We have found that both within and beyond the standard model Aq is smaller than A^, but not 
negligibly so. Taking a model-independent approach, we have also found that contributions to 
^QA ~ ^n + ^A from possible new-physics through the chromomagnetic-penguin operators are 
allowed by constraints from kaon data to exceed the SM effects by up to two orders of magnitude. 
In summary, 

|Af,A|sM <4xl0-^ \A^j,\^ < 8x10-3. 

Since the SM contribution is well beyond the expected reach of HyperCP, a finding of nonzero 
asymmetry would definitely indicate the presence of new physics. In any case, the upcoming data 
on A^jy will yield information which complements that to be gained from the measurement of A^j^ 

in S ^ Att -^ pmr. 

Finally, we have shown that the contribution oi Q ^ Stt -^ AK also causes the partial-rate 
asymmetry A^ in fi — > AK to be nonvanishing, thereby providing another means to observe 
CP violation in this decay. This asymmetry and that in fi — i> Svr tend to be larger than the 
corresponding asymmetries in octet-hyperon decays and hence are potentially useful probes of CP 
violation in future experiments. Since A^^ results from the interference of P-wave amplitudes, 
a measurement of it will probe the underlying parity-conserving interactions. Numerically, we have 
found 

< (A^)s^j < lxlO-^ |A^|^ < lxlO-^ 

where the bound on the contribution of the CMO arises from the constraint imposed by e data. 
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APPENDIX A: V AND X> FACTORS IN P-WAVE AND D-WAVE J = | AMPLITUDES 
FOR B4) -^ B'cf)' IN / = |, 5 = -2 CHANNELS 

For the four coupled channels, the V factors are 

■p_ _ — 6^-^ -^ f I 12 "^ , 108 "^ 



■E-kAK — -7^ Fv 1 7^ 1" "t? T77 ' 



-P - _ 3^v^ I ^ J 12 ^ I 36 

E^ — Ej^ — rrij. y s — m^^, 
^ -iDJD-m , -UD + F)F -^^. 



K 



rris 



lDiD-3F) , -UD + F)F , -^C^ , ±C' 



Ez: — E't^ — nif, i?3 — E'j^ — TTiy \/s — m-, E~ — EL — m 



K ~ '"'A ^E -^K <"-T. V -^ '"'E* -^H "-"K 



■^'='' E^- E'^-m^ ' y/s-m^, ' E^ - E'^ - m. 



' AK,AK — — —, r 



E^- E'j^ - rrij^ ^ - m^. 

1{D-F){D + ?>F) ^ -^C^ 
E^- E'^-m^ v^s - m^* 






2 



/ ' 



'"'' -E^ ~ -^r; ~ ""^S V^ ~ ""^H* -^S ^ F' ~ frij^. 



(Al) 



^AK.Ei? = ^^^ J' ^ + ^^^^ , (A2) 



(A3) 



P„ „ = ^^-^ \ 12 . 36 C^4\ 
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and the T) factors 

{D-Ff 7C' 



V^. 



m{E^-E'^-m^ 540 {E^ - E'^ - m=* ) 



2 ' 



"tt A.K — 9 "•" 9 5 

30(Es-£;^-m2) 180(^5 -^i^-^s-) 



D{D-3F) {D + F)F 7 C^ 



(A5) 



{D-F){D + 3F) -7C 



2 



v^ ^ = — ■ — + 



^"'^^ 60(^3 -E;-m=)^ 180(^2 - E; - m^,)^ ' 



-{D + 3Fy _ {D-F){D + 3F) 

180 {E^ -E'^-m^) 60 {E^ - E'j, - m^) 

-D{D - 3F) 
90{E^-E'^-m^y 



'^AK,Bri — Z 72 ; 



(A6) 



{D - Ff UC 



'''"''''" 60 {E^ -E'j,- mj,) ' 135 {E^ -E'^-m^f 
-D{D + F) , -7C2 



(A7) 



'''''^" 30 (Es - E; - m^)' 180 (Es -E'^^-m^.f 



■{D + 3Ff 70"' 

im{E^- E[^-m^y 180 [E^ - E'^ - m^^y 






where i?^ is the energy of in the final state. We note that contributions to the propagators from 
the Am and quark-mass terms in Eq. (19) have been imphcitly included in these results. 
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